Abstract. The oxidation kinetics of SiC fiber-reinforced SiC matrix composites with a BN interphase (SiC/BN/SiC) and the constituent fibers was characterized by thermogravimetric analysis and microstructural characterization at temperatures (816-1538ºC) and oxygen partial pressures (0.1% to 5% O 2 ) relevant to the hypersonic flight and re-entry environments. TGA of the SiC fibers showed that oxidation of the thin BN surface layer led to initially rapid oxidation kinetics and formation of a relatively thick silica scale at very short times under most test conditions. At longer times the fiber oxidation kinetics were representative of silica formation on pure SiC. Oxidation of the composites was conducted on coupons with the SiC seal coat removed on one edge to simulate damage to the composite, allowing ingress of oxygen to the fiber tows. Microscopy was conducted to determine the distance of oxygen ingress into the coupon. At the lower temperatures and oxygen partial pressures the exposed edge did not seal off by silica formation, yet the BN interphase areas were only minimally oxidized. At the intermediate temperatures silica formed at the exposed surface limiting further oxidation of the exposed fibers and BN interphase areas. Finally at the highest temperature and lowest oxygen partial pressure, active oxidation of SiC occurred for both the fibers and coupons resulting in irregular material attack. Implications for use of SiC/BN/SiC materials for hypersonic vehicle thermal protection systems are summarized.
Introduction
SiC fiber-reinforced SiC matrix composites with a BN interphase (SiC/BN/SiC) are proposed for use as thermal protection systems for hypersonic vehicles. Thermal protection systems are subject to high temperatures and reduced oxygen partial pressures during atmospheric re-entry of hypersonic vehicles. The oxidation of SiC/SiC based composites has been studied extensively in air or oxygen and models are available to predict oxidation kinetics under these conditions [1, 2] . The benefit of a BN fiber interphase over graphite for improved mechanical properties has also been demonstrated [3, 4] . The degradation of composite behavior at intermediated temperatures in air or combustion environments due to BN oxidation without substantial SiC oxidation has also been demonstrated [5] [6] [7] [8] . However, oxidation behavior of SiC/SiC composites in reduced oxidation partial pressures relevant to hypersonic environments has not yet been characterized. This work attempts to fill this gap in the understanding of SiC/BN/SiC oxidation. A similar study on the oxidation of C fiber-reinforced SiC composites in reduced oxygen partial pressures has been conducted [9] .
Oxidation reactions of interest for SiC/BN/SiC composites include the following. Oxidation to form condensed phases are as follows: Oxide volatilization reactions pertinent to this system include: 
The HBO 2 (g) species is known to from in significant amounts when even ppm levels of water vapor are present [10] .
Active oxidation to form SiO(g) is also observed at high temperatures and low oxygen partial pressures:
Conditions under which passive and active oxidation of SiC is observed have been summarized by Narushima [11] .
The objectives of this work are to understand the effect of BN on the SiC/SiC oxidation mechanisms, to elucidate the effect of oxygen partial pressure on SiC/BN/SiC oxidation behavior, and to map out regimes where different oxidation behavior of these composites is observed.
Experimental Procedure
Sylramic SiC fibers [12] (Nippon Carbon Co., Ltd. Tokyo, Japan) having an approximate diameter of 8 µm were heat treated in nitrogen to form an in situ ~100 nm layer of BN on the fiber surface, hereafter called iBN Sylramic. The fiber tows were cut into 8 cm lengths, twisted into "lanyards," as shown in Fig. 1 . Each fiber tow contains 800 fibers. Six "lanyards" weighing ~0.17g in total with a surface area of ~235 cm 2 were suspended together from sapphire hangers in the TGA. This technique allowed oxidation behavior to be characterized without reaction with any container materials.
SiC/BN/SiC composite coupons were obtained from GE Power Systems (Newark, DE) for Thermogravimetric Analysis (TGA). According to the manufacturing process, a Si-doped BN interphase was applied to the woven fibers yielding a fiber coating of about 0.3 µm prior to infiltrating with the SiC matrix. Coupons of approximate dimensions 2.5 x 1.3 x 0.25 cm were fabricated with a hole of approximately 0.25 cm diameter for suspension in the TGA. All coupons were sealed with a final CVD SiC seal coat so that no fibers were exposed. Prior to oxidation, the bottom edge of each coupon was ground to remove the SiC seal coat, exposing fibers in an effort to simulate damage to the seal coat.
Both the fibers and coupons were exposed in the TGA at temperatures of 816, 1149, 1343 and 1538ºC (1500, 2100, 2450, and 2800ºF). Most exposures were conducted in either 5% O 2 /Ar or 1000 ppm O 2 /Ar, flowing at 100 sccm (0.4 cm/s) for times of 100 h or less to investigate oxidation kinetics. During the course of the study it was found that mass changes of the coupons were negligible so that oxidation behavior was almost completely characterized via microscopy.
Post-test exposures included Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy (EDS) Xray Photelectron Spectroscopy (XPS) and Time-Of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS).

Results
Typical results for 100 h oxidation exposures of the Sylramic iBN fibers are shown in Fig. 2 . Note that an initial rapid mass gain that occurs in the first half hour is followed by much slower oxidation kinetics. Typical cross-sectional and plan view electron microscopy image of the fibers after exposure are shown in Fig. 3 . The microscopy can be summarized as follows. Little oxidation occurred at 816ºC at either oxidation condition. At 1149 and 1343ºC as well as 1538ºC in 5% O 2 a film of thermally grown silica is readily visible. These oxide layers were already visible even when the exposures were interrupted after one half hour confirming that the rapid transient mass gain corresponded to oxide growth.
One explanation for the initial rapid mass gain is the formation of a transient borosilicate glass followed by volatilization of boria. While boron in BN is readily quantifiable by EDS using the detector available, boron in borosilicate glass was not readily detected as confirmed by analysis of laboratory glassware of known borosilicate composition. For this reason, XPS and TOF-SIMS were used to determine a quantitative boron concentration in the oxide scale and the boron concentration profile through the oxide scale on the fibers. Results for fibers exposed at 1343ºC, 5% O 2 , 0.5 h exposure are shown in Fig. 4 .
At 1538ºC in 5% O 2 excessive borosilicate glass formation and glass bubbling was observed. Oxidation kinetics are not reported for this condition due to problems associated with glass bubbles reacting with the furnace tubes. At 1538ºC in 1000 ppm O 2 the fibers lost mass and the exposures were terminated after 2 h to preserve fibers for microstructural characterization before they fell from the sapphire hangers. Microscopy showed attack consistent with active oxidation as shown in Fig. 5 .
The oxidation behavior of the coupons was characterized completely by microscopy since the mass changes were negligible. Oxygen penetration into the composite from the edge where the coating was removed is shown in Fig. 6 . It was difficult to determine kinetics of the depth of degradation of the BN interphase, however, five different degradation mechanisms were observed as summarized in Table 1 . These degradation regimes include: silica formation in place of the BN interphase (S), silica formation intermittently dispersed with the BN interphase (SB), loss of BN interphase leaving void space without observable silica formation (V), silica formation intermittently dispersed with void (SV), active oxidation of SiC fibers and matrix (A), as well as no observable degradation (N). The oxidation behavior of the coupons at 1538ºC was consistent with the fibers: excessive borosilicate bubbling in 5% O 2 and active oxidation of the coupons leading to massive attack of the coupons in 1000 ppm O 2 . An image of a coupon after active oxidation is shown in Fig. 7 .
Discussion
A mechanism for the transient rapid oxidation kinetics of the Sylramic iBN fibers is proposed as follows. The BN initially oxidizes, fluxing the SiC fibers, and enabling the formation of SiO 2 at rates much more rapid than predicted in the absence of BN. The boria volatilizes from the oxide surface resulting in a boron concentration gradient through the oxide as confirmed by the TOF-SIMS results. The BN is rapidly and completely consumed by oxidation, followed by complete volatilization of boria leaving pure silica on the surface as confirmed by XPS for the fibers exposed for 100 h. Oxidation kinetics slow to those for pure SiC. Effective parabolic rate constants were calculated from the fiber mass change results for times between 2 and 100 h and found to be as low or lower than those extrapolated from SiC oxidation rates in pure oxygen under clean conditions. The oxidation kinetics and mechanism of coupon degradation are much more difficult to interpret for a number of reasons. First there are many different degradation mechanisms. Second the ingress depth of oxygen does not have a clear time dependence, although only 24 h and 100 h exposures were sampled. This suggests that under conditions where silica is found replacing the BN
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High-Temperature Oxidation and Corrosion 2010 interphase, the transient rapid formation of borosilicate is effective in sealing the exposed coupon edge from further oxygen ingress. Third, the mechanism of oxygen transport via the interphase channels is not clear. The oxide depths are quite significant, in some cases over 100 µm, confirming the existence of a transport mechanism for oxygen that is more rapid than oxygen permeation through silica, consistent with the formation of a transient oxygen permeable borosilicate glass.
However, microstructural characterization also shows interphase areas of BN intermittent with or adjacent to silica which are difficult to explain by the borosilicate fluxing mechanism proposed for the fibers.
Despite these difficulties some general statements about interphase oxidation can still be made. At low temperatures of 816ºC, oxidation of the BN interphase is relatively minor at the reduced oxygen partial pressures. Second at the intermediate temperatures of 1149 and 1343ºC evidence suggests that transient borosilicate glass formation effectively seals exposed vulnerable interphase regions from extensive oxidation. Both of these results are encouraging for application of SiC/BN/SiC in hypersonic applications where lifetimes of only several hundred hours are required.
At 1538ºC oxidation of C/SiC is problematic in both 5% O 2 and 1000 ppm O 2 but for different reasons. The more oxidizing condition results in excessive borosilicate glass formation. Qualitative evidence of fiber attack by excessive borosilicate formation is found here as shown in Fig. 8 as well as in the literature [13] . The exact conditions under which this is a problem and the kinetics of these fiber attack mechanisms are unknown. The more reducing conditions result in active oxidation of SiC and rapid recession of the whole composite. Some form of environmental barrier coating (EBC) is required to enable application of SiC-based composites in this environment. Since the requirements for such a coating are different than EBCs for engine applications, these coatings for hypersonic thermal protection systems are designated as Leading Edge -EBCs (LE-EBC). LEEBCs must be compatible with the SiC substrate and must withstand the higher temperatures and reactive atomic oxygen of the re-entry plasma. There is some evidence that borosilicate glass from the composite interior may mitigate active oxidation to some extent. This requires further investigation.
Conclusions
Oxidation of both iBN SiC Sylramic fibers and SiC/BN/SiC coupons is minimal at 816ºC in oxygen partial pressures of 5% and 1000 ppm/balance argon. Oxidation of iBN SiC Sylramic fibers at temperatures of 1149 and 1343ºC occurs by rapid transient boria enhanced kinetics. Once the thin BN surface layer on the fiber is consumed and all boria in the oxide is volatilized a relatively pure protective silica layer remains with correspondingly slow oxidation kinetics. Oxidation of SiC/BN/SiC coupons with the SiC seal coat removed from one edge also undergo rapid boronenhanced oxidation to minimize further ingress of oxygen along the fiber/matrix interphase channels. At 1538ºC in 5% O 2 excessive borosilicate glass formation and bubbling was observed as well as apparent fiber attack by the borosilicate glass. At 1538ºC in 1000 ppm O 2 active oxidation of both the fibers and composite coupons was observed. 
